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Molecular dynamics (MD) simulationHeme-copper oxidases (HCOs) are terminal electron acceptors in aerobic respiration. They catalyze the
reduction of molecular oxygen to water with concurrent pumping of protons across the mitochondrial
and bacterial membranes. Protons required for oxygen reduction chemistry and pumping are transferred
through proton uptake channels. Recently, the crystal structure of the ﬁrst C-type member of the HCO
superfamily was resolved [Buschmann et al. Science 329 (2010) 327–330], but crystallographic water
molecules could not be identiﬁed. Here we have used molecular dynamics (MD) simulations, continuum
electrostatic approaches, and quantum chemical cluster calculations to identify proton transfer pathways
in cytochrome cbb3. In MD simulations we observe formation of stable water chains that connect the
highly conserved Glu323 residue on the proximal side of heme b3 both with the N- and the P-sides
of the membrane. We propose that such pathways could be utilized for redox-coupled proton pumping in the
C-type oxidases. Electrostatics and quantum chemical calculations suggest an increased proton afﬁnity of
Glu323 upon reduction of high-spin heme b3. Protonation of Glu323 provides a mechanism to tune the
redox potential of heme b3 with possible implications for proton pumping.lecular dynamics; PLS, proton-
ctional theory; CcP, cytochrome
ype oxidase from Pseudomonas
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Heme-copper oxidases (HCOs) are terminal enzymes in the respi-
ratory chain of mitochondria and bacteria. HCOs transfer protons
across the bacterial plasma membrane and inner mitochondrial
membrane, which is coupled to reduction of molecular oxygen to
water [1–3]. The electrochemical proton gradient or proton motive
force thus formed across the membrane drives the synthesis of ATP
by FoF1-ATPase [4].
The heme-copper oxidases have been classiﬁed into different sub-
families: A-, B-, and C-type [5,6], but also more detailed classiﬁcation
schemes have been suggested [7]. All HCOs comprise a low-spin electron-
queuing heme (heme a/b), and an active site, consisting of a high-spin
heme (heme a3/b3/o3) and a nearby copper center, CuB. Amino acid
ligands of the metal centers, i.e. ﬁve histidines and a cross-linked
histidine–tyrosine dimer are also conserved among the A-, B- and
C-type HCOs [5–7].The reduced active site of HCOs bindsmolecular oxygen to the distal
side of the high-spin heme forming an oxygen adduct that may be
described as a ferric superoxide species (Fe[III]–O2⁎/−). This so-called
state A undergoes subsequent O\O bond scission and formation of
the PM state (Fe[IV]=O2−, CuB[II]–OH− and a neutral tyrosyl radical).
The four electrons and one proton required for the process are taken
from the binuclear active site itself; the heme, CuB and the cross-
linked tyrosine residue [8,9]. In this way the oxidizing potential of
dioxygen is transferred to the enzyme as highly oxidizing states of the
two metals and the tyrosine. It is the subsequent exergonic reduction
of these centers that drives proton translocation, where each proton
translocation step is tightly coupled to reduction and protonation of
the active site [10].
Despite the wealth of experimental and theoretical studies, particu-
larly on the A-type oxidases, the molecular mechanism of proton-
pumping in HCOs is still not fully understood. It has been suggested
that the electron-queuing low-spin heme a in the A-type oxidases is a
critical element in proton-pumping [11–15]. Reduction of the heme
results in an increase in proton afﬁnity of a so-called pump- or proton-
loading site (PLS), most probably located at or in the vicinity of the
A-propionate of the active site heme [10,16–18]. Protonation of the
PLS increases the redox-potential of the high-spin heme, which is
then reduced by the electron on heme a. Reduction of the active site
leads to its protonation, which drives out the proton from the PLS to
the positively charged side of the membrane (P-side). As the relative
position of the hemes and the overall structure of the active site are
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pumping mechanism is believed to be the same [2,3,19, but cf. also 20].
The structure of a C-type cytochrome c oxidase (CcO) from
Pseudomonas stutzeri was recently solved by X-ray crystallography
to 3.2 Å resolution (Fig. 1) [21]. Prior to the structure, biochemical
studies and homology modeling approaches identiﬁed two distinct
features in this enzyme subfamily; a tyrosine residue cross-linked
to one of the histidine ligands of CuB, analogous to the one found in
A- and B-type oxidases, but located in a different helix [5,22–24],
and a conserved glutamate residue in the proximal cavity of the
active site heme b3, hydrogen-bonded to the axial histidine ligand
of the latter [5,25]. Homology modeling combined with site-directed
mutagenesis studies also suggested a proton-channel, analogous inFig. 1. The subunit NO core-complex of cytochrome cbb3 oxidase (PDB ID: 3MK7). Subunits N a
subunit O, and low-spin heme b and high-spin heme b3 located in subunit N are shown in yellow
the active site and residues forming a putative proton channel are shown, along with a cavity
prepared using VMD [64].position to the K-channel of A-type oxidases (Fig. 1) [5,26]. Both of
these structural elements were observed in the crystal structure.
Moreover, recent quantum chemical calculations suggested that
the glutamate residue near the proximal histidine ligand of heme
b3 might account for the observed low midpoint potential of the
heme as well as for its rhombic EPR spectrum [25,27].
C-type oxidases have a high apparent oxygen afﬁnity (KM~nM) [28]
relative to the A-type oxidases (KM~μM) [29], which allows the bacteria
to survive at low oxygen tensions [28,30]. Based on homology modeling,
itwas suggested that the different orientation of the cross-linked tyrosine
could alter ligand-binding properties of the C-type oxidases [31]. Addi-
tionally, crystal structure comparison of A- and C-type oxidases reveal
some differences in the heme orientations, which could contribute tond O are shownwith a blue and red ribbon representation, respectively. Heme c located in
. CuB, also located in subunit N, is shown in orange. Conserved amino acid residues around
(gray) containing one modeled water molecule in the vicinity of His243. The ﬁgure was
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chemical calculations suggested that the proximal glutamate might also
stabilize a peroxy-intermediate in the oxygen scission process, which is
consistent with a low Michaelis constant [32].
C-type oxidases are known to pump protons in whole-cell exper-
iments at a stoichiometry of 1 H+/e− [33]. Attempts to reproduce
pumping in reconstituted systems have so far yielded only very low
stoichiometries [34,35]. Proton pumping requires conduction chan-
nels for proton uptake from the N-side of the membrane. In A-type
CcO two such channels have been identiﬁed, the so-called D- and K-
channels named after conserved aspartate and lysine residues [36],
respectively. Based on site-directed mutagenesis studies in the mito-
chondrial oxidase from Bos taurus, a so-called H-channel has also
been suggested to be involved in proton uptake [20]. Protons pumped
across the membrane are most probably supplied by the D-channel,
while the K-channel is active only in the reductive phase of the cata-
lytic cycle, and transfers two protons to the active site [36,37]. It has
recently been suggested that the B-type oxidases, e.g. cytochrome
ba3 from Thermus thermophilus employs only one channel located at
the position analogous to the K-channel in A-type oxidases [38].
Buschmann et al. [21] identiﬁed a possible proton uptake channel
in the structure of cytochrome cbb3 at a position analogous to the
K-channel in A-type oxidases.
Here we study cytochrome cbb3 oxidase from P. stutzeri using a
combination of computational techniques of classical molecular
dynamics, continuum electrostatic approaches, and quantum
chemical calculations, in order to identify elements involved in
proton transfer reactions by the C-type oxidases.
2. Models and methods
2.1. Quantum chemical calculations and derivation of partial charges
Coordinates of redox-active metal sites in subunits N and O; heme c,
heme b, heme b3 and CuB were obtained from the crystal structure of
the cbb3-type cytochrome c oxidase from P. stutzeri (PDB ID: 3MK7)
[21]. Models comprised the metal center and nearby amino acids,
shown in Figure S1. Heme b3 was modeled without a sixth ligand, and
with Glu323 both protonated and deprotonated (see also Section 3.3).
CuB was modeled with a hydroxyl/water as a fourth ligand and Tyr251
protonated. Total charge and spin multiplicity of each model system in
both reduced and oxidized states are given in Table S1. The amino acid
side chains were terminated at the Cβ positions, which were kept
ﬁxed during geometry optimization at the BP86 [39,40] level of theory,
using themultipole accelerated resolutionof identity (MARIJ) approxima-
tion [41] and default convergence criteria in TURBOMOLE (energy
gradient=10−6 Hartree and geometry gradient=10−3 au) [42]. The
def2-SVP [43] basis set was used for all atoms, while metals (Fe/Cu)
were treated with a def2-TZVP basis set [44]. After structure optimiza-
tion, we performed single-point energy calculations at the B3LYP
[45,46] level of theory with a def2-TZVP basis set for all atoms, extract-
ing energies andMerz–Kollman partial charges [47]. Single point calcu-
lations were also performed using the conductor-like screening model
(COSMO) [48] with the dielectric constant set to 4. TURBOMOLE (ver-
sions 6.0 and 6.1) [42] was used for all density functional theory
(DFT) calculations. The derived partial charges were used in MD simu-
lations and electrostatics calculations (see Sections 2.2 and 2.3). Electro-
static potential (ESP) charges have previously been successfully used in
similar calculations [49–53].
Coordinates of optimized geometries of the model systems are
available in the supplementary information.
2.2. Molecular dynamics simulations
The NO subunit core complex of cytochrome cbb3 oxidase (PDB ID:
3MK7) was simulated in redox states: OOOO and OROO, where O andR correspond to the oxidized and reduced state, respectively, and the
four letters designate the redox states of heme c, heme b, heme b3 and
CuB, in that order. We predicted protein bound water molecules using
the DOWSER program [54], employing different energy cutoffs of
−10, −5 and 0 kcal/mol for water insertion. Similar approaches
have previously been used to predict water molecules in the A-type
CcO [55–59], although they are not a rigorous way of computing the
free energy of water insertion [60]. Point charges of the metal centers
and their protein surroundings obtained from the DFT calculations
described above, and the standard CHARMM27 force ﬁeld [61] sup-
plemented with our in-house developed parameters [49], were used
in the MD simulations. Some topology parameters for the heme c in
subunit Owere obtained from the hemeparameterization of Autenrieth
et al. [62]. All amino acidswere kept in their standard protonation states
(Asp, Glu — deprotonated, Arg, Lys — protonated, and His, Tyr —
neutral) unless otherwise reported. The two-subunit structures of cyto-
chrome cbb3were simulated in vacuum for 5 ns after initial energymin-
imization of 1500 steps and 1 ns of equilibration, using Langevin
dynamics (damping coefﬁcient=0.1 ps−1), at 310 K with a time-step
of 1 fs and a 20 Å cutoff for non-bonded interactions. All simulations
were performed using NAMD [63]. During the initial 1 ns equilibration
the rootmean square deviation of the Cα atoms of the protein increased
up to ~2.3 Å and remained stable around this value throughout the 5 ns
production run from which data was collected for analysis. Data
was saved every 0.1 ps, and VMD [64] was used for analysis and vi-
sualization of the trajectories. In the analysis of hydrogen-bonded
water wires, a hydrogen bond was deﬁned using geometric criteria,
with a donor (D)/acceptor (A) distance b3.5 Å and a D–H…A angle
N150°.2.3. Continuum electrostatic calculations
Continuum electrostatic calculations were performed on the NO
subunit core complex of cytochrome cbb3 using the MEAD program
[65,66], which solves the Poisson–Boltzmann equation to calculate
solvation free energies (pKa values) of ionizable residues in a protein.
The protein interior andmembrane slab were modeled using a dielec-
tric constant of 4, while solvent cavities were treated as a high dielec-
tric medium with ε=80. No explicit water molecules were included
in the calculation, except between the propionates of heme b3 and
in the vicinity of His243 (see Section 3.4). All heavy atoms of amino
acid residues and cofactors were kept in their crystallographic posi-
tions when the positions of added hydrogens were reﬁned with a
short energy minimization using NAMD [63]. The calculations were
performed in the following redox states: OOOO, OROO, OROR and
ORRR (see Section 2.2), and using the point charges obtained from
the DFT calculations. In order to study effects of thermal ﬂuctuations,
continuum electrostatic calculations were also performed in the
redox states above using an ensemble of 10 structures generated
from short (250 ps) MD simulations of the ORRR state. In the electro-
static calculations a water molecule was added as a sixth ligand to the
high-spin heme b3, while a hydroxyl (OH−) or water (H2O) molecule
was used as the fourth ligand of CuB [cf. 67]. The standard TIP3P
charges [68] were used for the water ligand of heme b3. The following
solution pKa values were used: Asp (4.5), Glu (4.6), Arg (12.0), Lys
(10.4), propionate (4.8), Tyr (9.7), His (6.2 for doubly protonated
and 15.0 for singly protonated). The continuum electrostatic calcula-
tions yield intrinsic pKa values, pKa,int, for each titratable site and a
site–site interaction matrix. The former describes the pKa of a residue
when all other sites are in their neutral state. An actual pKa value can
be obtained, when the pKa,int is combined with the site-site interac-
tion data by Monte-Carlo sampling of 2N protonation states of the
enzyme, where N is the number of titratable residues [65]. The
Monte-Carlo sampling was performed using KARLSBERG [69] with
default setup values.
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3.1. Water prediction
Protein-bound water molecules can be predicted using an interac-
tion energy criterion between the water molecule and the protein sur-
roundings [54,70]. The water prediction software DOWSER [54] and
related computer programs [57,70], predict a water molecule inside
the protein if its interaction energywith the protein is below a given en-
ergy threshold. The structure of cbb3-oxidase [21] was simulated in the
ORRR redox state using three different energy cutoffs of 0, −5, and
−10 kcal/mol, followed by subsequent MD simulations in different
redox states (OOOO and OROO). We observe N=163, 139 and 97
water molecules using these cutoff values, respectively, with minimal
changes in water occupancy with the change of redox state. More so-
phisticated force ﬁeld based calculation of these water-protein interac-
tion energies usingNAMDyield a high van derWaals energy for some of
the predicted water molecules obtained with the large energy cutoff in
DOWSER. However, upon subsequent energy minimization the energy
relaxes to lower values of ~−19±7 kcal/mol, which is consistent with
previous similar water insertion estimates [58]. It is observed that dur-
ing MD simulations the interaction energy ﬂuctuates around this value
as water molecules move between different sites.
Analysis of the water-loaded structure shows a population of
water molecules at the location of the ‘canonical’ K-channel. N=4,
7 and 10 water molecules are predicted using the energy cutoffs of
−10, −5 and 0 kcal/mol, respectively. Stable water molecules are
predicted near Tyr317 and the proximal Glu323, which subsequently
take part in formation of a water chain (see Section 3.2). An extended
cavity is observed between the distal and proximal sides of high-spinFig. 2. Cavities around high-spin heme b3 are shown as gray surfaces. Computationally predicheme b3 (His345/Glu323 site, Fig. 2). This cavity comprises water
molecules, e.g. W97, which escape to other regions of the protein
during the simulation (see Section 3.2). Thus, in analogy to A-type
oxidases, water molecules that are produced during turnover may
be utilized for proton transfer also in C-type oxidases [55,56,71].
3.2. Proton pathways
Molecular dynamics simulations on the water-loaded subunit NO
complex, with a 0 kcal/mol energy cutoff for the water insertion
threshold, suggest that reduction of the low-spin heme b (state
OROO) leads to formation of a Y-shaped, bifurcated water wire. One
branch appears in the same structural position as the ‘canonical’
K-pathway (see Section 1), connecting the N-side of the membrane
to the cross-linked tyrosine in the active site (Fig. 3C), and the other
leads to the proximal side of heme b3 (Fig. 3A). The water wire begins
at the conserved residues Asn289 and Ser240, located near the N-side,
and connects to the highly conserved Tyr317 that acts as the bifurca-
tion point (Fig. 3A and C). The branch to the proximal side of heme
b3 leads to the conserved Glu323 via two polar residues, Ser320 and
Thr321 (Fig. 3A). Out of ﬁve independent 5 ns MD simulations in the
OROO redox state, three simulations show stable hydrogen-bonded
connectivity between Tyr317 and Glu323, supporting a possible role
of Ser320 and water molecules in the proton uptake. To estimate the
stability of the pathway shown in Fig. 3A, we calculated the occupan-
cies of hydrogen bonds within these water molecules and protein res-
idues, as well as the probability of a continuous hydrogen-bonded
water-chain from Tyr317 to Glu323 (Table 1). With nearly 50% occu-
pancy for many individual hydrogen bonds, we also obtain a total
chain persistence probability of ca. 10%. At ambient conditions, thisted water molecules are marked with preﬁx W. The ﬁgure was prepared using VMD [64].
Table 1
Occupancy (%) of the selected hydrogen bonds and probability (%) of a continuous
water-chain obtained from 5 ns long MD runs. The analysis was performed using
VMD [64].
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and even fast semi-concerted proton transfer over shorter cluster
pairs along such a “wire” [3,72].Tyr317→Glu323a,f Occ.
(%)
Glu323→His337b,f Occ.
(%)
Tyr317→Glu323c,f Occ.
(%)
Tyr317-W57 55 W34-Glu323 71 Tyr317-W29 25
W57-W160 33 W133-W105 82 W29-W57 55
W57-W130 60 W133-Ser336 36 W57-W97 47
W160-Ser320 47 W149-Glu323 38 W97-Ser320 56
W97-Ser320 34 W133-His337 37 Ser320-W102 41
W97-W34 55 W105-Ser336 24 W102-W155 40
W34-Glu323 78 W105-His337 45 W155-W149 68
W160-W97 24 W97-W34 28 W149-W34 41
W97-W149 11 W34-Glu323 82
W57-Tyr317 36
Water-chaind,g Water-chaine,g
persistence 10 persistence 15
a Occupations computed from MD simulation in state OROO corresponding to a
water conﬁguration shown in Fig. 3A.
b Occupations computed from MD simulation in state OROO corresponding to a
water conﬁguration shown in Fig. 3B.
c Occupations computed from MD simulation in state OOOO corresponding to a
water conﬁguration shown in Fig. 3A.
d Probability (%) of the continuous water-chain from Tyr317→Glu323 (Fig. 3A).
e Probability (%) of the continuous water-chain from Glu323→His337 (Fig. 3B).
f Occupancy of the hydrogen bond is calculated by counting the number of frames in
which it remains formed divided by the total frames used. Hydrogen bond criterion
given in Section 2.2 is used.
g Probability (%) corresponds to the number of frames in which the water-chain
remains fully connected, divided by the total number of frames used for analysis.
Hydrogen bond criterion given in Section 2.2 is used.In the two other simulations another water chain forms between
Glu323 and the A-propionate region of heme b3, connecting the sites
through the highly conserved polar residue Ser336 with an array of
water molecules (Fig. 3B). The occupancies of selected hydrogen
bonds in this route and the probability of continuous chain persistence
are also given in Table 1, indicating effective proton conducting proper-
ties. The total chain persistence probabilities fromTyr317 to Glu323 and
Glu323 to His337 of ca. 10–15% are also consistent with previous esti-
mates of similar chain lengths [57].
We note that the water molecules predicted in the extended cavity
(e.g.W97 in Fig. 2), take part in water wire formation (W97 in Fig. 3A
and B). We also observe that some of the water molecules (W57 and
W34) involved in the water chains shown in Fig. 3A and B were orig-
inally predicted to be near Glu323 and Tyr317. In the ﬁve independent
MD simulations, the water molecules involved in the water chains
change their identity, and the hydrogen bonds between water mole-
cules and protein residues ﬂuctuate, thus making it difﬁcult to quanti-
tatively assess the stability of the water wires. However, the data
shown in Table 1 clearly indicate that thewater chains remain dynam-
ically stable over nanosecond timescales once formed. The two ob-
served water chains combined (Fig. 3A and B) suggest unique proton
transfer (pT) routes that may be used for redox-coupled proton
pumping in C-type oxidases.
The water chains between Tyr317 and Glu323, and between Glu323
and the A-propionate region of heme b3, do not form in simulations
where the DOWSER energy cutoff for water insertion is decreased to
−5 kcal/mol or lower. In such simulations, the water molecules move
elsewhere in the protein to patch empty protein cavities. However, as
previously discussed [56,73,74], it remains likely that the proton con-
ducting water molecules in HCO may have a high conformationalFig. 3. Hydrogen-bondedwater chains in C-type oxidases obtained fromMD simulations.
The water chains connect A) the N-side with proximal glutamate (Glu323) and, B) the
proximal glutamatewith the A-propionate region, with possible importance for pumping.
C) Water chains connecting the N-side with the active site of oxygen reduction. The
bifurcation point at Tyr317 is located below heme b3. Only hydrogen atoms connected
to oxygen and nitrogen are shown. Water molecules are marked with a W preﬁx. The
ﬁgure was prepared using VMD [64].
731V. Sharma et al. / Biochimica et Biophysica Acta 1817 (2012) 726–734entropy and thermodynamic instability in order to avoid accumulation
of internal pressure in the protein cavities during turnover.
Five independent 5 ns MD simulations were also performed in the
fully oxidized state (OOOO). Interestingly, the branch leading from
Glu323 to the A-propionate region of heme b3 is not observed in
such simulations, while in one of the ﬁve simulations we observe
a stable pathway between Tyr317 and Glu323. The occupancies of
selected hydrogen bonds in these simulations are also given in
Table 1. The data suggest that an electron on heme b (state OROO) sta-
bilizes the water chains on the proximal side of heme b3 (Fig. 3A and B).
3.3. Protonation states of Glu323 and His337
Glu323 is hydrogen-bonded to the proximal histidine ligand of
heme b3, and is a unique feature of the C-type oxidases, absent in
the A- and B-type subfamilies. Analogous His-Asp motifs are also pre-
sent in other heme enzymes, e.g. cytochrome c peroxidase (CcP) [75].
Based on the results from the MD simulations discussed above,
Glu323 seems to form part of a water wire that might be involved
in proton translocation. Hence this residue is likely to become revers-
ibly protonated during turnover. Indeed, our continuum electrostatic
calculations predict protonation of Glu323 upon reduction of the
high-spin heme b3 (pKaN10), while it may or may not be protonated
when heme b3 is oxidized (pKa~7) (Table 2). The table also reports
pKa values obtained using an ensemble of structures obtained from
short MD simulations, suggesting a similar trend but a smaller in-
crease in proton afﬁnity upon reduction of the heme b3. A very strong
redox state dependent pKa-shift is predicted by the DFT calculations,
in which reduction of heme b3 stabilizes the protonated glutamic
acid by 16 kcal/mol (~11 pK-units) at ε=4. The large magnitude of
this quantum-chemically determined pKa-shift may be due to the
small cluster models used here, and illustrates the challenges in esti-
mating pKa values by classical approaches; nonetheless these calcula-
tions support an increased protonation probability of the proximal
Glu323 upon heme reduction.
His337 is a highly conserved residue in the C-type oxidases [5,6]
(Fig. 1), forming a hydrogen bond to the A-propionate of heme b3. In
A-type oxidases the analogous histidine also ligates to a Mg2+-ion,
while in B-type oxidases it donates a hydrogen bond to a glutamate res-
idue from subunit II [76]. In contrast, in the structure of cytochrome
cbb3, His337 has no interaction partners besides the A-propionate,
which results in a very high computed pKa (N14) in all redox-states
studied here (Table 2). The doubly protonated histidine thus effectively
neutralizes the negative charge of the A-propionate. Based onTable 2
Acid constants (pKa values) or protonation states of selected residues in different redox
states obtained from continuum electrostatics simulations using the X-ray structure
(ﬁrst value) or an ensemble of structures obtained from MD simulations (second
value, see Section 2.3 for discussion).
Residue OOOO OROO OROR ORRR
His257a Pc P P P
His258a P P P P
Tyr251 P P P P
His337b P P P P
His345a P P P P
Glu323 6.4/6.1 6.7/6.4 6.0/5.0 10.7/7.3
His243b Dd D D D
PrpA a D D D D
PrpD a D D D D
PrpA a3 D D D D
PrpD a3 D 1.1/D D 3.2/D
Glu122 D D D D
Glu125 D D D D
a Modeled as imidazole↔ imidazolate.
b Modeled as imidazole↔ imidazolium.
c P: protonated (pKaN14).
d D: deprotonated (pKab0).suggestions for the A-type oxidases [18,77], His337 might together
with the A-propionate of heme b3 form part of the so-called proton-
loading site (PLS) of the proton pump mechanism (see Section 1). The
present pKa calculations predict deprotonated heme b3 propionates in
all redox states studied here (Table 2), as was previously found for
the A-type oxidases [67,78]. However, as recently observed in com-
bined MD and electrostatic studies of cytochrome aa3 from Bos taurus,
redox-state driven conformational changes at the A-propionate might
increase the proton afﬁnity of the propionates considerably [18].
3.4. K-channel
We observe that a proton transfer pathway forms at a location
analogous to the ‘canonical’ K-channel, and is stable for nanoseconds
irrespective of the redox state of the heme groups, or the different
energy cutoffs used for water prediction (Fig. 3C). The probability
for a continuous water-chain between Asn289 and Tyr251 (Fig. 3C)
is ca. 2.5%, as obtained from a 5 ns production run in the OOOO
redox state. The reason for this somewhat lower chain persistence
probability, relative to 10–15% observed for chains between Glu323
and Tyr317/His337, ismost likely due the longer chain length. Homology
modeling, biochemical experiments, and X-ray data suggest the pres-
ence of a proton channel in this location, corroborating the current MD
simulation data. The hydrogen-bonded network comprises residues
Ser240, Asn289, Tyr223, His243, Tyr317 andwatermolecules connecting
the N-side to the active site through the cross-linked Tyr251 (Fig. 3C), or
to the proximal Glu323 via Ser320 and Thr321 (Fig. 3A). Many of these
residues have been mutated and suggested to be involved in proton up-
take from the N-side [26]. However, the role of the well-conserved
His243 residue in proton uptake has remained controversial: its muta-
tion to glycine in cytochrome cbb3 from Rhodobacter sphaeroides, and
to valine in the Bradyrhizobium japonicum enzyme resulted in decreased
catalytic activity [26,79], but its mutation to alanine in the R. sphaeroides
enzyme yields wild-type activity [80].
Continuum electrostatic calculations suggest that His243 is neutral
in all studied redox states (Table 2). The proton afﬁnity remains nearly
unaltered even when an explicit water molecule is modeled near this
residue with His243 protonated and the water-histidine interactions
minimized (Fig. 1 and Table 2). In the MD simulations we observe
that the hydrogen-bonded network bypasses His243 in many conﬁgu-
rations, following a pathway involving a water molecule located in the
cavity adjacent to this residue (Fig. 1, Fig. 3A and C). This could
allow pT without protonation/deprotonation of His243, even though
this residue clearly has a stabilizing effect on the observed water wire
(Fig. 3A and C).
3.5. Other possible water-ﬁlled cavities
Large energy cutoffs in water insertion calculations have previously
been used to identify sites of water molecules in the interior of CcO
[56–58], together with statistical mechanical approaches [71,81]. Simple
interaction energy approaches using high energy cutoffs, might lead to
formation of artiﬁcial internal pressure within protein cavities. When
a cutoff of 0 kcal/mol is used in the DOWSER calculations, 163 water
molecules are found in the two-subunit enzyme. In such conditions a
water-ﬁlled cavity is observed in the region analogous to the D-channel
in A-type oxidases. However, due to two hydrophobic blockages in the
region it has been suggested not to conduct protons [21]. In some simu-
lations we observe conformational changes in these hydrophobic resi-
dues, allowing a transient water chain that connects residues Thr84,
Ser77, Tyr141, Asn161 and Tyr205 (Fig. 4). This pathway leads up to
the P-side of the membrane, near two conserved glutamates (Glu122
and Glu125), and the propionates of the low-spin heme b. Mutation
of Glu122 to glutamine in cbb3 oxidase from Vibrio cholerae abolished
activity almost completely [26]. Similar results were obtained when
this residue, which is a ligand of the Ca+2 ion near the D-propionate
Fig. 4. Transient water networks predicted at a location analogous to the D-channel region in A-type oxidases. The disrupted hydrophobic block formed by non-polar residues,
Leu73, Phe74, Trp138, Phe167, Phe213, is shown in green. Only hydrogen atoms attached to oxygen and nitrogen are shown. The ﬁgure was prepared with VMD [64].
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In contrast, analogous mutations of Glu125 retain signiﬁcant activity
[26]. Neither of these glutamates becomes protonated in the present
electrostatic calculations (Table 2). Moreover, the tyrosine analogous to
Tyr205 (Fig. 4) has been mutated to phenylalanine in the R. sphaeroides
enzyme with virtually no effect on activity or proton pumping [5]. We
conclude that neither glutamate residue seems to be important for
proton transfer, suggesting that the transiently observed “D-like” path-
way is an artifact of the high energy cutoff used in prediction of water
molecules.
4. Discussion
4.1. Functionally critical residues
MD simulations of cytochrome cbb3 with computationally inserted
water molecules in the redox state OROO show formation of a bifurcated
proton transfer pathway from the N-side of the membrane, where one
branch leads to the binuclear center (mimicking the K-pathway in the
A-type oxidases), and the other reaches Glu323 on the proximal side of
heme b3 (Fig. 3A). Simulations in the same redox state show further
formation of a water chain between the proximal Glu323 and the
A-propionate region of heme b3 (Fig. 3B). These two pathways
(Tyr317→Glu323 and Glu323→His337/A-propionate) could be in-
volved in the proton pumping machinery in C-type oxidases.
Tyr317 appears to form the bifurcation point from where protons
are donated either to the active site for oxygen reduction chemistry,
or to the proximal side of heme b3 for pumping (Fig. 3A). The impor-
tance of Tyr317 as a bifurcation point is consistent with mutational ex-
periments [26], where replacement of this residue with phenylalaninein cytochrome cbb3 fromV. cholerae, orwith glycine in theR. sphaeroides
enzyme, yielded negligible activity.
Water molecules and two polar residues (Ser320 and Thr321) are
found further up along the pathway towards Glu323 (Fig. 3A). We
note that Ser320 is a highly conserved residue in the C-type oxidases,
even though it is replaced by alanine in some of the sequences. Based
on MD simulations, Glu323 can connect both to the N-side (Fig. 3A)
and the P-side (Fig. 3B) through water chains and conserved polar
residues, suggesting that it could become protonated from the
N-side and release its proton to the P-side. If this is part of the pro-
ton-pumping mechanism it imposes immediate questions of how
proton leaks are prevented, since continuous connectivity to both
sides abolishes proton-pumping activity [82,83]. Continuum electro-
static calculations and small quantum chemical cluster models suggest
protonation of Glu323 upon reduction of heme b3, which might drive
the pumping process. Redox-state driven protonation of Glu323 is
consistent with redox titrations of heme b3 where a relatively strong
pH-dependence of the midpoint redox potential is observed, even
when heme b and CuB are reduced [25]. This is in contrast to the
hemes in the A-type oxidases, which have a very weak pH dependence
when the companion heme is reduced [84]. A similar redox-dependent
protonation event of the proximal aspartate has been suggested in CcP,
based on analysis of the dependence of themidpoint redox potential on
pH [75].
The putative proton transfer pathway from Glu323 towards the
A-propionate region of heme b3 comprises a cavity lined with
polar residues, Ser336, Thr342 and Thr339 (Fig. 2). MD simulations
suggest a critical role of Ser336 in proton transfer from Glu323 to the
His337/A-propionate region (Fig. 3B). Their importance in proton
transfer could be assessed by mutating these polar residues to non-
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chrome cbb3 from Rhodobacter capsulatus yielding 44% of wild-type
activity [85], suggesting that it may have a role in proton transfer
through this route. However, according to our MD simulations, the
side chain of Thr339 points into the hydrophilic interface between
subunits N and O, and may thus be less important for proton transfer,
while the two other polar residues, Ser336 and Thr342, appear to be
stronger candidates to be tested.
4.2. A possible scenario of proton pumping
In the fully oxidized state, the His345/Glu323 pair is likely to share
a single proton. Based on electrostatic calculations (Table 2), His345 is
neutral and Glu323 is deprotonated. The net negative charge in the
region is expected to be responsible for the observed low redox
potential of high-spin heme b3 [25]. Upon reduction of the low-spin
heme b (OROO), we observed formation of water arrays from the
N-side of the membrane to the proximal Glu323 and also between
Glu323 and the A-propionate region of heme b3 (Fig. 3A and B).
These water chains may carry the proton to the A-propionate of heme
b3, by analogy to what has been suggested in the A-type oxidases
[10,74], where reduction of low-spin heme a is coupled to protonation
of the PLS from the D-channel [3,10,15]. Systematic redox-state depen-
dent conformational changes in the region of the A-propionate of heme
a3 as recently observed in A-type oxidases [18,77], are possible in the
C-type oxidases, and will be subject of further studies. The immediate
proton donor for loading the PLS in the putative proton pump pathway
suggested here is likely to be Tyr317, which is analogous to what has
recently been suggested in the A-type oxidase. In the latter, a conserved
tyrosine in the D-channel (Tyr35 Paracoccus denitriﬁcans numbering)
donates a proton to the PLS via a conserved glutamic acid (Glu278
P. denitriﬁcans numbering) [86].
Protonation of the A-propionate of heme b3 is expected to increase
the redox-potential of heme b3. However, due to its low “ground
state” redox potential, the rate and extent of electron transfer from
the neighboring heme may be low. Subsequent protonation of
Glu323 from the N-side is however expected to further increase the
midpoint potential of heme b3, increasing the rate and extent of
inter-heme electron transfer. Redox titrations of heme b3 indeed sug-
gest a relatively strong pH dependence [25]. Reduction of heme b3 is
expected to increase the proton afﬁnity of the oxygenous ligand at the
distal side, which would accept a “substrate proton” from Tyr317 via
the cross-linked Tyr251. Due to charge cancelation, the electrostatic
attraction between the redox electron and the “pumped” proton in
the PLS would be lost, leading to its ejection to the P-side of the
membrane.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbabio.2011.09.010.
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